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I. Introduction
Proportional lateral control on slender forebodies at high angles of attack is highly needed in aerodynamic design of air vehicles. The fact that the separation vortices over pointed forebodies generate large airloads and are very sensitive to small perturbations near the body apex offers an exceptional opportunity for manipulating them with little energy input to achieve active lateral control of the vehicle in place of conventional control surfaces. It has been found experimentally that unsteady dynamic control techniques are needed to achieve this goal.
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Recently, Liu et al. 4 reported wind-tunnel experiments that demonstrate nearly linear proportional control of lateral forces and moments over a slender conical forebody at high angles of attack by employing a novel design of a pair of single dielectric barrier discharge (SDBD) plasma actuators near the cone apex combined with a duty cycle technique. The flow mechanisms were studied by flow visualizations and pressure mesurements.
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Particle image velocimetry (PIV) has been used to study vortex flowfield over bodies. Thomas , Kozlov and Corke 6 used ensemble averaged and phase-locked averaged particle image velocity and vorticity field to reveal detailed flow mechanisms for cylinder flow control under steady and unsteady plasma actuations. Beresh, Henfling and Spillers 7, 8 measured a fin trailing vortex core using particle image velocimetry to study mean vortex properties and the vortex meander.
In this paper, the characteristics of the counter-rotating primary vortices are studied in detail using the PIV visualizations. The same test model of Ref. 4 is used but the installment of the plasma actuators is refined in the present test. In the following sections, the experimental setup is described. The time-mean and instantaneous visualization results for plasma-off, port-on and starboard-on are investigated. Finally conclusions are drawn.
II. Experimental Setup
The model is shown in Fig. 1 and was used in Ref. 4 . The circular-cone forebody consists two separate pieces. The frontal portion of the cone is made of plastic and has a length of 150 mm. The rest of the model is made of metal. The total length of the cone is 463.8 mm with a base diameter of 163.6 mm. 252 time-averaged pressure tappings are arranged in rings of 36, every 10
• around the circumference of the cone, at Stations 1 to 7 as shown in Fig. 1 . They are measured by Models 9816 and 8400 of the PSI Company, which sample at frequency of 100 Hz and 127 Hz, respectively. Consecutive 15 seconds samplings of all tappings are recorded for analyses.
Two long strips of SDBD plasma-actuators are installed symmetrically on the plastic frontal cone near the apex as shown in Fig. 2(a) . The plasma actuator consists of two asymmetric copper electrodes each of 0.03 mm thickness. A thin Kapton dielectric film wraps around the cone surface and separates the encapsulated electrode from the exposed electrode as shown in Fig. 2(b) . The right edge of the exposed electrode shown in Fig. 2(b) is aligned with the cone at the azimuth angle θ = ±120
• , where θ is measured from the windward meridian of the cone and positive is clockwise when looking upstream ( Fig. 2(a) ). The length of the electrodes is 20 mm along the cone meridian with the leading edge located at 9 mm from the cone apex. The width of the exposed and encapsulated electrode is 1 mm and 2 mm, respectively. The two electrodes are separated by a gap of 1.5 mm, where the plasma is created and emits a blue glow in darkness.
Three modes of operations of the actuators are defined. The plasma-off mode corresponds to the case when neither of the two actuators is activated. The port-on mode refers to the conditions when the port-side actuator is activated while the starboard-side actuator is kept off during the test. The starboard-on mode refers to the conditions when the starboard-side actuator is activated while the portside actuator is kept off during the test. Each of the two actuators on the cone model is separately driven by an a.c. voltage source (model CTP-2000K by Nanjing Suman Co.). The waveform of the a.c. source is sine wave. The peak-to-peak voltage and frequency are set at V p−p ≈ 14 kV and F ≈ 8.9 kHz, respectively. The input power for the plasma on is about 19.3 W .
The tests are conducted in an open-circuit low-speed wind tunnel at Northwestern Polytechnical University. The test section has a 3.0 m × 1.6 m cross section. The model is rigidly mounted on a support from the port side of the model aft-cylinder as shown in Fig. 3 . The cone-cylinder model is tested at α = 45
• . The free-stream velocity U ∞ = 5 m/s. The Reynolds number based on the cone base diameter is 5 × 10 4 . Local side force acting on a station of the cone forebody is calculated from the measured pressures. The local side-force coefficient C Y d is normalized with the local diameter d and is positive when pointing to the starboard side of the cone. Particle image velocimetry (PIV) is chosen for the flowfield measurement because the method is to a large degree noninstrusive. The cross-flow field over Station 2 is measured by a two-dimensional PIV system as shown in Figs. 4 and 5. Station 2 is located about 170 mm behind the trailing edges of the plasma actuators. At this distance the possible adverse effects of the electrostatic force of the plasma actuator on the PIV measurement might be negligible. The PIV system is manufactured by the Dantec Dynamic Company. The Nd:YAG Laser, a product of the Beamtech Optronics Co., emits single pulse of energy ≥ 200 mJ and produces double pulses with a time interval of 60 µs. The repeat rate of the laser doublepulse is set at 9 Hz and consecutive 10 seconds of sampling are performed for each case. The laser sheet coincides with the cross section of Station 2 and has height and width 130 mm × 110 mm and thickness 1 mm. A CCD camera of 1600 × 1200 pixels is used to record the cross-flow image. A software of version 1.45.54 is used to calculate the cross-flow velocity vector field from the double-pulse images. The camera is located downstream of the laser plane in the incidence plane of the model and supported by a tripod fixed on the angle-of-attack turning plate (Fig. 3) . The flow seeds are smoke particles of approximately 1 µm in diameter commonly used in cinema industry, mixed with atmosphere air and sucked into the test section of the open-circuit wind tunnel through the entrance. The seed-introducing technique is inappropriate for the large-size open-circuit wind tunnel. The seed distribution is not uniform in regions remote from the model. In these regions, irregular velocity vector images occur and they are replaced by the freestream crossflow velocity vector, i.e., v = 0 and w = U ∞ sin α.
III. Base Plasma-Off Flow at Zero Angle of Attack
In order to check the accuracy of the model setup in the wind tunnel, a test is run at zero angle of attack and with plasma off. Fig. 6 presents the time-averaged pressure distributions over the circumference of Stations 1 − 7 at α = 0
• . Aside from some slight irregularities, the measured pressure distributions indicate essentially an axisymmetric flow around the cone. 
IV. Time-averaged PIV Images and Pressure Distributions
PIV investigations are performed at Station 2 which is remote from the plasma actuators to avoid the possible adverse effects of plasma actuation and reveal the effect of the plasma actuation on the cone forebody.
The time-averaged PIV images over Station 2 are presented in Figures 7 and 8 and 9 for plasma port-on, plasma starboard-on and plasma-off, respectively, at U ∞ = 5 m/s and α = 45
• . The observer is located at the downstream side of Station 2. In part (a) of each figure, the cross-flow field is displayed by the vectors of cross-flow velocity q superposed upon the velocity contours. In part (b), the cross-flow velocity vectors are superposed on the contours of the axial-vorticity ω x which is calculated from the measured velocities, and the velocity vectors are subsampled by a factor of two in both directions for visual clarity. The freestream velocity U ∞ is drawn in scale on the right side of the figures. The magnitude of maximum crossflow velocity is seen of the same order of U ∞ for all cases, whereas the undisturbed cross-flow velocity is 0.7U ∞ . ω x is positive when the vorticity is counter-clockwise and negative when clockwise. The part of the body circumference covered by the PIV photo has a circular angle of 128
• from θ = 116
• to 244
• . For port-on, a leftward-windward wash flow is observed in the leeside of the body cross-section in Fig.  7 . The port-side plasma blowing edge is located at θ = 120
• , and the plasma blows windward. The plasma jet is attached to the body circumference due to Coanda effects. The leftward and windward wash flow produced by the plasma jet is correlated to the vortex-pattern formation: the port-side shear layer and the rolled-up vortex core move outboard and the starboard-side shear layer and the rolled-up vortex core move inboard and become closer to the body surface than those of the port side. Another striking feature of Fig.  7 is that the cross-flow velocity is low near the top central boundary of the image; this is caused by the interaction between the two primary vortex cores.
For starboard-on the vortex flow pattern (Fig. 8 ) is almost anti-symmetric to that for port-on. The starboard-side plasma blowing edge is located at θ = −120
• , and blows windward. A rightward-windward wash flow is observed in the leeside of the body cross-section, the port-side shear layer and the rolled-up vortex core move inboard and the starboard-side shear layer and the rolled-up vortex core move outboard.
The starboard-on and port-on vortex flow patterns are not exactly anti-symmetric. Among other factors, the imperfections of the model, particularly those due to the installment of the plasma actuators mentioned earlier, are believed to have prevented the results from following the presumed exact bistable behavior. Nevertheless, our PIV images clearly demonstrate the effectiveness of the plasma actuators in controlling bistable vortex flow patterns.
When plasma is off, as shown in Fig. 9 the port-side shear layer is curved around the body circumference and rolled-up into a vortex core located close to the body surface, while the starboard-side shear layer is outboard and rolled into a vortex core located far away from the body, which is of the same vortex asymmetry as that of starboard-on. It is noted that the same model under the plasma-off condition yielded asymmetric pressure distributions close to that under port-on as shown by Fig. 4 in Ref. 4 and almost symmetric pressure distribution shown by Fig. 9 of Ref. 9 . In fact, the force asymmetry for a slender body of revolution at high angle of attack with no control depends on the small asymmetric disturbances in the flow, including the micro surface imperfections on the tip of the body. 10 However, the flow asymmetry remains unchanged for port-on and starboard-on over the three wind tunnel runs.
Although the starboard-on produces same flow asymmetry as the plasma-off, the region of large cross-flow velocity around the port-side shear layer and the rolled-up vortex core (lying close to the body surface) is significantly larger for starboard-on. The local side force for starboard-on is greater than that of plasma-off by 16% obtained from Table 1 below. Fig. 9 shows that the starboard-side vortex is relatively dispersed for plasma-off. The reason is unclear to the present authors. Under the plasma actuations, the dispersed vortices tend to be collected together and the maximum axial-vorticity is increased by about 18% obtained from Table 4 below. For port-on, a region of high cross-flow velocity around the starboard-side shear layer and the rolled-up vortex core (lying close to the body surface) is seen in Fig. 7 .
From the cross-flow velocity contours, the low speed regions within the vortex and adjacent to the cone surface are clearly depicted. In the axial vorticity contours, besides the pair of vortex core (primary vortex), there exist multiple substructures in the shear layer which rolls into the vortex core, regions of secondary vortex which lies between the primary vortex core and the body surface, and separate patches of small vortices (turbulence). All these vortices are strongly interacted with each other. 
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The flow asymmetry is also depicted by pressure distributions. The averages from 1 s readings almost coincide with those from 15 s for the pressure transducers. We will present the 15 s averaged data next. Figure 10 compares the pressure distributions for port-on, starboard-on and plasma-off at α = 45
• , U ∞ = 5 m/s over Station 2. The pressure distribution for starboard-on is almost anti-symmetric to that for port-on, but not exact anti-symmetric due to the same reason previously discussed in Section IV. Table 1 compares the meridian angle of the boundary-layer separation points on the cross-flow plane of Station 2 inferred from the pressure distributions 11 and local side force coefficient calculated from the measured pressures for the modes of port-on, starboard-on and plasma-off. The effects of plasma actuation is shown by comparing the separation location for port-on with that for plasma-off. The port side plasma blowing edge is located at θ = 120
• and the plasma jet is towards the windward direction. The port-side boundary-layer separation point for port-on moves in the windward direction by a meridian-angle increment of 10
• relative to that for plasma-off. The starboard-side separation point for port-on moves in the leeward direction by a meridianangle increment 10
• relative to that for plasma-off. Thus, for port-on the port-side suction peak is lower and the starboard-side suction peak is higher than that for plasma-off and the local side forces are opposite for port-on and plasma-off.
The pressure distribution over the circular-cone forebody at angle of attack upto 50
• is essentially conical.
12 Thus, the flow features at Station 2 would be practically true over the entire forebody at α = 45
• except the regions near the apex and the base of the forebody.
V. Time-Averaged Vortex Core Center
The PIV images clearly demonstrate that there exists a stagnation point in cross-flow plane named the vortex core center. The vortex core center is determined as follows. In the beginning, estimate a vertical location of the vortex core center from the PIV image. Repeat the first and second steps until the point of w = 0 on the horizontal y line coincides with the point of v = 0 on the vertical z line. Both components of the cross-flow velocity v, w vanish at the intersection of the last horizontal and vertical lines, which yields the coordinates of the vortex core center y c , z c . Starting with a good estimation of the initial vertical location, no more than two iterations would be enough to yield convergent result. It is noted that the starboard-side vortex is somewhat dispersed in comparison with the port-side one in the PIV images. The main portion of the dispersed vortex is identified as the vortex core. Table 2 . Coordinates of time-averaged vortex core center and local side force, α = 45
• , Station 2. Table 2 presents the coordinates of time-averaged vortex core center and the local side force coefficient for port-on, starboard-on and plasma-off at α = 45
Port-side vortex Starboard-side vortex Mode
• over Station 2. For port-on, the port-side vortex core center is much higher than the starboard-side vortex core center. For starboard-on and plasma-off, the port-side vortex core center is much closer to the symmetry plane of the model than the starboard-side vortex core center. Figure 11 sketches the cross-flow field, local side force and plasma actuation over the circular conical forebody for port-on, starboard-on and plasma-off at Station 2 and α = 45
• , based on Tables 1 and 2 . The observer is located at the downstream side of Station 2. The plasma actuators are placed along the cone ray lines at θ = ±120
• near the apex. The plasma is blowing perpendicular to the ray line tangential to the cone surface in the windward direction. The local side force is denoted by a horizontal vector through the cross-section center. The cross-flow patterns, the local side forces and the plasma actuations for port-on and starboard-on are correlated with each other by a change of hand. The results obtained over Station 2 and at α = 45
• are expected to be true for all stations along the forebody axis at high angles of attack upto 50
• , since the flows about the circular-cone forebody are essentially conical as shown in Ref. 12. 
VI. Time-Averaged Tangential Velocity around Core Center and Vortex Subcore
The characteristics of the vortex core can be displayed by the tangential velocity component around the vortex core center. The tangential velocity along lines parallel to the y− and z−axis passing through the vortex core center is obtained by the velocity components w and v, respectively. Figs. 12, 13 and 14 present the time-averaged tangential velocity distributions for port-on, starboard-on and plasma-off, respectively, at α = 45
• over Station 2. In case that the vertical z line intersects the body circumference, the tangential velocity curve is ended there. The curve remote from the vortices approaches v = 0 and w = 0.7U ∞ . Due to the plasma actuations, the tangential velocity distributions of port-on and starboard-on are more fluctuating than those of plasma-off.
The tangential velocity is zero at the vortex core center. It increases almost linearly to an maximum value on each side of the vortex core center, and, then, decreases as the distance is further increased. The tangential velocity distribution in the vortex subcore may be approximated by that of a solid circular cylinder revolving about the vortex core center as in the theoretical Rankine vortex model. The points where the tangential velocity reaches maximum value define the boundary of the vortex subcore.
The two maximum values of the tangential velocity along lines parallel to the y− and z−axis passing through the vortex core center are not equal. The vortex core center is biased from the geometrical center of the subcore region. The biased displacement of the vortex core center from the mid point of the two maximum tangential-velocity points along the horizontal y and vertical z line is denoted by ∆y and ∆z, respectively, and given in Table 3 . For port-on, the port-side vortex core center is biased rightward and upward, while the starboard-side center is biased leftward and downward. For starboard-on, the port-side vortex core center is biased upward, while the starboard-side center is biased leftward and upward. For plasma-off, the vortex core center is barely biased. Thus, the plasma actuations may enhance the bias of the vortex core center from the geometric center of the subcore. 
VII. Time-Averaged Axial Vorticity and Vortex Core
The maximum time-averaged axial vorticity and its position are determined from the PIV images by the same procedure as that used in finding the vortex core center (See Section V). Table 4 gives the maximum time-averaged axial vorticity and its position with local side force at α = 45
• , over Station 2. The magnitude of the maximum axial vorticity of the starboard-side vortex are remarkably lower than that of the port-side vortex for plasma-off due to the dispersion of the starboard-side vortex core observed from the PIV images earlier. Under the plasma actuations (port-on and starboard-on) the axial vorticity of the starboard-side vortex is strengthened to a level close to that of the port side. The location of the maximum axial vorticity is almost indistinguishable from that of the vortex core center (See Table 2 ) for the port-side vortex of all modes. For the starboard-side vortex, they differ remarkably for plasma-off. The deviations may be related to the dispersion of the starboard-side vortex cores. Table 4 . Maximum time-averaged axial vorticity and its position with local side force, α = 45
• , Station 2.
Port-side vortex Starboard-side vortex Mode Figures 15 and 16 and 17 present the time-averaged axial vorticity distributions along the horizontal and vertical lines passing through the maximum vorticity point for port-on, starboard-on and plasma-off, respectively, at α = 45
• over Station 2. The fluctuations of the axial vorticity distribution curves are significantly larger than those of the corresponding tangential velocity distributions. This may be due to that the vorticity distributions are calculated by differentiating the velocity distributions. The magnitude of time-averaged axial vorticity decreases monotonically with the distance from its maximum point. The points where the axial vorticity vanish define the boundary of the vortex core.
VIII. Time-Averaged Core Radius, Subcore Radius, Maximum Tangential Velocity and Circulation starboard on and plasma off at α = 45
• , Station 2. The increment ∆Θ of 22.5
• is used. Only the port-side vortex is considered here, since the starboard-side vortex is dispersed as noted previously. At Θ = 270
• , ω x does not vanish for starboard on and plasma off, because the port-side vortex lies close to the forebody surface. At this point, R is obtained by linear interpolation of the values at Θ = 247.5
• and 292.5
• . Table  5 presents the mean values of time-averaged maximum tangential velocity, vortex subcore radius and core radius over the range of Θ = 0
• − 360 • , the ratio of subcore radius over core radius, and the velocity circulation along the subcore circumference for the port-side vortex on Station 2 at α = 45
• . The velocity circulation along the vortex subcore circumference Γ is calculated from the distributions of subcore radius and maximum tangential velocity versus Θ. Under the plasma actuations, the mean radius of the vortex coreR is significantly enlarged by about 70%, the mean subcore radiusr is fairly enlarged by 10% − 40%, and, thus, the vortex subcore becomes more compact relative to the vortex core than that of plasma-off. The mean value of the maximum tangential velocityv Θ,max is decreased but the circulation along the subcore circumference Γ may be increased by the plasma actuations. 
IX. Instantaneous PIV Images
A sample of instantaneous PIV images of cross-flow velocity vectors, velocity contours and axial-vorticity contours at Station 2, α = 45
• and U ∞ = 5 m/s are presented in Figures 19, 20 and 21 for port-on, starboardon and plasma-off, respectively. The vortex asymmetry of the instantaneous image remains same as that of the time-averaged image, but strong fluctuations in cross-flow velocity and axial vorticity are observed in the instantaneous images. The instantaneous maximum cross-flow velocity is about 20% higher than the time-averaged maximum cross-flow velocity. For port-on, a stagnation region of significant size appears near the top central boundary of the instantaneous image ( See Fig. 19) ; this is caused by interactions between the primary vortex pair. The shape of instantaneous axial-vorticity contour in vortex core is more irregular than that of the time-averaged contour. The magnitude of the maximum instantaneous axial vorticity is larger than that of the time-averaged value by upto 40%. In the instantaneous cross-flow field for starboard-on, patches of turbulence are evident spiraling in towards the port-side primary vortex core which lies closer the body surface. However, most of the turbulence patches disappear in the time-averaged cross-flow field. (Compare Figs. 20 with 8) . The plasma actuations cause stronger fluctuations in the instantaneous PIV images.
X. Conclusions
A novel design and placement of a pair of plasma actuators on forebody tip combined with duty cycle technique were previously demonstrated to provide proportional lateral control over a 20
• circular-cone forebody at high angles of attack and low speed. The effects of the plasma actuation on the physics of the separation vortex flow over the circular-cone forebody at high angles of attack (upto 50
• ) are identified using a two-dimensional particle image velocimetry and pressure measurements.
1. The actuation of plasma actuator on one side pushes the same-side boundary-layer separation point in the windward direction and pulls the other-side separation point in the leeward direction. The suction peak is decreased on the same side and increased on the other side. The separation shear layer and rolled-up vortex core move out on the same side and close in on the other side.
2. In repetition wind tunnel runs of the same model, the flow asymmetry pattern remains unchanged for port-on and starboard-on, but may be changed for plasma-off. 3. The plasma actuations tend to increase significantly the size of the vortex core and increase fairly the size of the vortex subcore and, thus, the vortex subcore becomes more compact relative to the vortex core than that of plasma-off.
4. Vortex core center may be biased from the mid point between the maximum tangential-velocity points along radial line passing through the vortex core center due to the plasma actuations.
5. The plasma actuation may strengthen vortex maximum axial vorticity, if the vortex is dispersed for plasma off.
